Abstract This paper presents recent kinetic and flame studies in plasma assisted low temperature combustion. First, the kinetic pathways of plasma chemistry to enhance low temperature fuel oxidation are discussed. The impacts of plasma chemistry on fuel oxidation pathways at low temperature conditions, substantially enhancing ignition and flame stabilization, are analyzed base on the ignition and extinction S-curve. Secondly, plasma assisted low temperature ignition, direct ignition to flame transition, diffusion cool flames, and premixed cool flames are demonstrated experimentally by using dimethyl ether and n-heptane as fuels. The results show that non-equilibrium plasma is an effective way to accelerate low temperature ignition and fuel oxidation, thus enabling the establishment of stable cool flames at atmospheric pressure. Finally, the experiments from both a nonequilibrium plasma reactor and a photolysis reactor are discussed, in which the direct measurements of intermediate species during the low temperature oxidations of methane/ methanol and ethylene are performed, allowing the investigation of modified kinetic pathways by plasma-combustion chemistry interactions. Finally, the validity of kinetic mechanisms for plasma assisted low temperature combustion is investigated. Technical challenges for future research in plasma assisted low temperature combustion are then summarized.
Introduction
Plasma provides a promising solution to control ignition and flame stabilization in engines and high speed propulsion systems [1] [2] [3] . As shown schematically in Fig. 1 [1] , there are four major plasma assisted combustion enhancement pathways, the thermal effect via temperature rise, the kinetic effect via plasma generated electronically and vibrationally excited molecules and active radicals, the diffusion transport enhancement effect via fuel decomposition and low temperature oxidation, and the convective transport enhancement due to plasma generated ionic wind, hydrodynamic instability, and flow motion via Coulomb and Lorentz forces. The thermal enhancement effect on combustion is through the sensitivity of reaction rates to temperature via the Arrhenius law, which is well understood in flame extinction experiments [4] . The diffusion transport enhancement effect on combustion due to fuel dissociation and fragmentation is also understood through the analysis of flame kernel development and minimum ignition energy [5] . In this effect, small fuel molecules such as H 2 , CH 4 , CH 2 O, and C 2 H 4 are created by plasma discharge from the decomposition of large molecule parent fuels. These small fuel molecules diffuse faster into the reaction zone and thus increase flame speed and reduce ignition energy in a stretched flow field [6] . The convective transport enhancement of combustion due to plasma instability and ionic wind has also been extensively studied in [7] and [8] [9] [10] . However, the kinetic enhancement effects on combustion of plasma-produced ions, radicals, and excited species have not been studied to a large extent, especially at low temperature [1] [2] [3] [11] [12] [13] [14] [15] [16] [17] .
Most previous studies of plasma assisted combustion focused on ignition and flames involving high temperature chemistry (above 1100 K) [1-4, 7, 8, 15-17] . Recently, by using a nano-second discharge in counterflow ignition of methane and dimethyl ether, it was found that plasma can accelerate low temperature ignition so significantly that the conventional ignition to extinction S-curve is transferred into a direct ignition to extinction curve without an extinction limit [13, 18] . Moreover, it was shown that non-equilibrium plasma discharge can accelerate the cool flame chemistry and enable the establishment of self-sustained diffusion and premixed cool flames even at atmospheric pressure [19, 20] . A more recent numerical study of the plasma effect on the negative temperature coefficient behavior and multistage ignition of propane-air mixtures [21] Fig. 1 Major combustion enhancement pathways of plasma assisted combustion [1] accelerate cool flame ignition. However, many of the kinetic mechanisms governing plasma assisted low temperature chemistry are poorly understood [22] .
In this paper, we will present the recent results of plasma assisted low temperature combustion from Princeton University and discuss kinetic pathways of plasma assisted low temperature fuel oxidation.
Results and Discussions Kinetic Enhancement Pathways of Plasma Assisted Low Temperature Combustion
Large molecule hydrocarbon and oxygenated fuels such as gasoline, diesel, jet fuels, and biodiesel are widely used in transportation and often have rich reactivity at low and intermediate temperatures (Fig. 2) . Control of low temperature ignition is very important to achieve higher efficiency and low emissions in advanced engines. A schematic of the temperature-dependent fuel oxidation pathways of a hydrocarbon fuel (RH) with plasma discharge is shown in Fig. 2 .
At low temperature (below 700 K), fuel oxidation starts with H-abstraction from the fuel by a radical (e.g. OH) and forms a fuel radical (R). Then, the fuel radicals (R) react with oxygen molecules (O 2 ) to form RO 2 . The internal isomerization of RO 2 will then lead to QOOH (hydroperoxy alkyl radical). After that, a second oxygen addition to QOOH forms O 2 QOOH. The subsequent isomerization and decomposition of O 2 QOOH will eventually produce two OH radicals. Therefore, this oxidation pathway is the major chainbranching process for low temperature fuel oxidation, which can be summarized as following [23] , 
The rate limiting reactions in the above reaction pathways are R1 and R3. Since at low temperature the radical concentrations (e.g. OH and HO 2 ) are very low, the above low temperature fuel oxidation pathway is very slow and normally is too slow to be observed at atmospheric pressure. At intermediate temperature (700-1050 K), the fuel radicals will thermally decompose into small olefins (e.g. C 2 H 4 ), H atom or alkyl radicals (e.g. CH 3 , C 2 H 5 ). After that, CH 2 O and C 2 H 3 are oxidized to form HCO, HO 2 , and H 2 O 2 and release heat. As the temperature increases, H 2 O 2 decomposes and forms two OH radicals. Therefore, this process is the major chain branching reaction pathway at intermediate temperature and can be summarized as following:
The rate limiting reaction in above reaction pathways is R14. Note that although the above reaction pathway at intermediate temperature is faster than the low temperature reaction pathway, it is very sensitive to temperature and limited by the low radical (X) concentration. At high temperature (above 1050 K), HCO will decompose directly to H and CO and the subsequent hydrogen reaction pathway will produce two or more OH radicals. This high temperature chain-branching reaction pathways can be summarized as:
Note that the above high temperature reaction pathway is limited by R15, which is strongly temperature dependent. With a non-equilibrium plasma discharge, the direct electron impact dissociation reaction processes and the subsequent energy transfer processes between electronically excited species, vibrationally excited species, intermediate species, and reactants provides new pathways to generate active radicals. Several key radical production pathways by nonequilibrium plasma can be summarized as following [1] [2] [3] :
Therefore, as shown in Fig. 2 , with a non-equilibrium plasma discharge, the low temperature plasma radical production pathway provides a new source of radical production to accelerate and change the combustion kinetics. A recent flux analysis [1] shows that at low and intermediate temperature (below 1050 K), the plasma radical production rate via R18 is much faster than the rate limiting reactions at both low temperature (R3) and intermediate temperature (R14). However, at higher temperature (1200 K above), the rates of plasma radical production pathways are slower than the rate limiting reaction R15. As such, the rate ratio between plasma radical production and combustion chain-branching reactions will significantly affect the extent of the kinetic enhancement effect of plasma assisted combustion at different temperatures and/or ignition stages. For example, for n-heptane ignition at 650 K and 20 atm, there are two ignition stages, the first stage low temperature ignition between 500 and 800 K (s 1 ) and the second stage intermediate temperature ignition between 800 and 1100 K (s 2 ), as shown in Fig. 3 . The 1st and 2nd stages are governed by reactions R3 and R14, respectively. As discussed above, because of the extremely low concentration of radicals (X) in the first stage ignition, R3 is the rate limiting reaction step to produce initial radical (OH) for R1 to generate hydrocarbon radicals (R). As such, radical production via the plasma pathways (R17-R26) will dramatically enhance low temperature combustion. Similarly, during 2nd stage ignition, the rate limiting reaction R14 is also slow to convert unreactive radical HO 2 to much more reactive OH radicals. Therefore, the plasma pathways will also significantly enhance 2nd stage ignition. At higher temperature (1200 K above) or after the 2nd stage ignition, the reactant temperature becomes so high that the chain-branching reaction (R15) is much faster than the reaction rate of the plasma radical production pathway. Therefore, the major role of plasma discharges for high temperature combustion is either to accelerate the chain initiation reactions or to add thermal energy to accelerate reaction R15. From the above discussion, we can conclude that the non-equilibrium plasma can kinetically enhance low temperature combustion more than high temperature combustion.
Since all combustion processes with low temperature chemistry (LTC) are governed by the ignition to extinction S-curve [24] (Fig. 4 ) and because plasma enhances low temperature combustion more than high temperature flames, as shown in Fig. 4 , with radical production by non-equilibrium plasma chemistry, the low temperature ignition time can be shortened so much that low temperature combustion can occur at much shorter flow time scales. Moreover, if the plasma intensity (radical production from plasma) is high, the high temperature flame extinction limit will disappear and a direct ignition to flame transition regime without an extinction limit will appear. As such, with plasma discharges one can observe or establish cool flame combustion even at atmospheric pressure in a laboratory burner. In the next section, we will present experimental results of low temperature ignition and cool flame formation at low and atmospheric pressure by using plasma discharges.
Plasma Assisted Low Temperature Ignition and Cool Flames

Plasma Assisted Low Temperature Ignition and Direct Ignition to Flame Transition
We first studied the effect of non-equilibrium plasma activated low temperature chemistry (PA-LTC) on the ignition and extinction of Dimethyl Ether (DME)/O 2 /He diffusion flames by using a counterflow burner with in situ nanosecond pulsed discharge at low pressure (72 Torr). As shown in Fig. 5 [18], a uniform nanosecond pulsed discharge is formed The dependence of peak flame temperature on the flow residence time: the impact of non-equilibrium plasma discharge on the transition of ignition to extinction S-curve with the increase of plasma intensity between the two counterflow burner nozzles. This is accomplished by placing porous metallic plates, which act both as flow nozzles and electrodes, at the exits of the burner. The separation distance between the two oxidizer and fuel burner nozzles (electrodes) is maintained at 16 mm. The oxidizer-side and fuel-side electrodes are connected to the positive and negative terminals of the high voltage plasma source, respectively, with the same polarization during all experiments. The high voltage pulse is generated by a pulse generator (FID, FPG 30-50MC4) with pulse duration of 12 ns (full width at half maximum, FWHM) and adjustable frequency. The voltage is measured by using a high voltage probe (LeCroy, PPE20KV) and kept constant at 7.6 kV during the experiments. The current through the electrodes is measured by a Pearson Coil (Model 6585). The pulse energy supplied to the discharge is estimated from the time integration of the voltage and current profiles and is approximately 0.73 mJ/pulse. The pulse repetition frequency (f) is fixed at either 24 or 34 kHz during the experiments. Helium (He) is used as the dilution gas for both the fuel (DME) and the oxidizer (O 2 ) streams. OH and CH 2 O Planar Laser Induced Fluorescence (PLIF) are employed in this study to characterize the high and low temperature chemistry [18] . The OH PLIF intensity is calibrated with a CH 4 /O 2 /He diffusion flame, so the measured intensity of the PLIF signal can be converted into absolute OH number density. In CH 2 O PLIF, formaldehyde is excited by photons at 355 nm with a frequency tripled Nd:YAG laser, and the CH 2 O fluorescence signal from the Ã 1 A 2 toX 1 A 1 transition band is collected by an ICCD camera with a bandpass filter between 400 and 450 nm.
CH 2 O is a major intermediate species of the low temperature oxidation of DME. The measured CH 2 O PLIF signal intensity as a function of fuel mole fraction at the fuel side nozzle exit, X F , at a plasma repletion rate of f = 24 kHz, an oxidizer mole fraction of X O = 0.6, and a flow stretch rate of a = 250 1/s (4 ms flow residence time), is shown in Fig. 6a . It is seen that with an increase in the fuel mole fraction (X F ), the CH 2 O PLIF signal intensity increases dramatically. This rapid increase in CH 2 O before ignition indicates the occurrence of low temperature DME oxidation. However, when the DME mole fraction is larger than 6 %, high temperature ignition occurs noted by a sharp decrease in the CH 2 O concentration. After high temperature ignition the CH 2 O PLIF signal intensity becomes insensitive to the increase in fuel mole fraction. On the other hand, when the DME mole fraction is decreased to 5 %, flame extinction occurs with a rapid increase in CH 2 O PLIF signal intensity. The hysteresis between ignition and extinction is typical of the ignitionextinction S-curve. As shown previously in Fig. 4 , the present results suggests that nonequilibrium plasma can activate low temperature combustion at a much shorter flow time scale of 4 ms at low pressure. With the increase in the discharge frequency to 34 kHz, Fig. 6b shows that the increase in plasma generated radicals changes the conventional ignition-extinction S-curve to a monotonic stretched S-curve without hysteresis or an extinction limit. Therefore, nonequilibrium plasma discharges can promote low temperature chemistry and result in a smooth transition between ignition and flame, thus enhancing combustion stability at low temperature.
The kinetic pathway of radical production by non-equilibrium plasma is shown in Fig. 7 . It is seen that electron and ion (He ? ) collisional dissociation of oxygen is the major ) radical production, which leads to the subsequent formation of OH and H to activate the low temperature combustion chemistry of DME oxidation (Fig. 2) .
Plasma Assisted Diffusion Cool Flames
To understand further how atomic oxygen production in the plasma discharge can enhance low temperature combustion, experiments were carried out to determine whether a diffusion cool flame can be established using ozone seeding into the oxidizer stream of a counterflow burner [19] . By producing ozone far upstream of the burner exit, the effect of atomic oxygen addition (carried by stable ozone molecules) can be observed independently from other plasma produced species and without any thermal enhancement effects. The experimental geometry (Fig. 8) is similar to the counterflow flame in Fig. 5 . However, instead of using direct in situ plasma discharge, ozone is produced by a plasma discharge in a pure oxygen stream at 300 K using a dielectric barrier discharge ozone generator (Ozone Solutions, TG-20). The fuel stream (n-heptane/N 2 ) is preheated to 550 K. Ozone then decomposes and releases O radicals into the flame preheating zone via reaction R26 to accelerate the low temperature chemistry. . With ozone generation from the plasma enhancing the low temperature chemistry (LTC), a self-sustaining cool diffusion flame (Fig. 8b) is successfully established at atmospheric pressure. For the sake of comparison, a hot diffusion flame (the normal high temperature diffusion flame) is shown in Fig. 8a at the same conditions but is initiated by a high temperature torch directly from the existing cool diffusion flame. Comparing between the two shows that the hot diffusion flame has strongly incandescent yellow emission from soot particles due to high temperature fuel pyrolysis, whereas the cool diffusion flame shows very weak bluish chemiluminescence with no soot formation. The measured and predicted temperature and species distributions of the cool diffusion flame by using thermocouples and micro gas chromatography (GC) are shown in Fig. 9a-c . The temperature measurements indicate that the cool diffusion flame has a maximum temperature of 640 K, which is much lower than that of the conventional high temperature diffusion flame (above 1600 K). Also, as seen in Fig. 9b , unlike the hot diffusion flames where the fuel is completely oxidized prior to the reaction zone, a large leakage of fuel (nheptane) and oxygen across the cool diffusion flame is observed. Moreover, Fig. 9c shows that the cool diffusion flame partially oxidizes the fuel and produces significant amounts of H 2 O, CO, and CH 2 O [19] . Therefore, the observation of a cool diffusion flame at atmospheric pressure clearly demonstrates that plasma generated radicals (e.g. O) and intermediate species such as O 3 can significantly accelerate low temperature fuel oxidation. Without plasma generated O 3 chemical sensitization, cool flames were not able to be stabilized at such short flow residence time. Note that the competing reaction of O ? N 2 = NO ? N has a very high activation energy and thus will not compete with reactions R1 and R2 at low temperature to consume active radicals. Figure 10 shows the experimentally determined ignition and extinction diagram of cool diffusion flames with 4 % ozone addition in the oxidizer side. Three different flame regimes are shown in this figure: (1) the unstable cool flame, (2) the cool diffusion flame, and (3) the hot diffusion flame regimes. For example, at a flow strain rate of a = 80 s Fig. 9 Comparison of measured and computed temperature and major species distributions in the cool diffusion flame; pressure (1 atm) [19] diffusion flames are observed from 0.105 \ X f \ 0.125. At higher fuel concentrations beyond X f [ 0.125, the direct initiation of hot diffusion flames is seen. Therefore, the existence of plasma assisted cool flame extends the lean ignition limit of the mixture. The ignition and extinction diagram without O 3 was also modeled and can be found in Ref. [19] .
Plasma Assisted Premixed Cool Flames
Recently, experiments observing premixed cool flames at atmospheric pressure through ozone production by plasma were also conducted by using DME/oxygen mixtures in the same counterflow geometry [20, 25] . In this experiment, the fuel is premixed with oxygen and ozone at 300 K. A counter-flowing preheated nitrogen jet (600 K) is used to initiate the cool flame. The mole fraction of ozone produced by the plasma discharge in the oxygen stream remains between 3.1 and 3.4 %. The experiment shows that plasma generated ozone can also successfully initiate a premixed cool flame at atmospheric pressure. A direct ICCD image of the plasma assisted premixed cool flame is shown in Fig. 11a . The measured and predicted cool flame regime diagram for premixed DME/O 2 mixtures with 3 % ozone is shown in Fig. 11b . Three distinct regions can be seen in this figure. At extremely low equivalence ratios, no stable flames can exist as the mixture is beyond the lean flammability limit for the cool flame. This lean limit slightly increases with increasing strain rate. At richer fuel concentrations, there exists a broad region of stable cool flames. Finally, when the equivalence ratio is increased further, the cool flame eventually destabilizes and transitions to a hot flame. The increased flame speed of the hot flame often results in a flame flashback. The present experiment clearly demonstrates that plasma assisted cool flames can significantly extend the lean burning limit of a fuel with low temperature chemistry. A significant further challenge to understanding the chemistry of cool flames is to quantitatively measure and predict the kinetic processes of plasma assisted low temperature combustion.
Kinetic Studies of Plasma Assisted Low Temperature Combustion
Low Temperature Oxidation of Methane in a Flow Reactor with Nanosecond Repetitively Pulsed Discharge
In order to understand the kinetic pathways of low temperature oxidation in plasma assisted combustion, experimental and numerical studies of low temperature methane [19] oxidation in a nanosecond repetitively pulsed (NRP) discharge have been carried out [26, 27] . The experimental setup is shown in Fig. 12 for all experiments. Time dependent measurements are performed in a burst of 300 pulses and a pulse repetition frequency of 30 kHz, and continuously pulsed measurements are made at pulse frequencies in the range of 0.1-30 kHz. Per pulse energy deposition is measured to be 1.5 ± 0.2 mJ. The optical diagnostic systems consists of two mid-IR lasers, a continuous wave external cavity mode hop free (CW-EC-MHF) quantum cascade laser (QCL) from daylight solutions, and a distributed feedback (DFB) QCL from Alpes Lasers (sbcw3176). Temperature is measured using the daylight solutions laser by scanning two methane absorption lines at 1343.56 and 1343.63 cm -1 . The laser is scanned at a rate of 100 Hz, and the temperature profile is collected by the time difference between the plasma pulses and the laser scan. Time history measurements of formaldehyde are performed with the Alpes laser at 1726.79 cm -1 . In this case, the laser is scanned at a rate of 15,000 Hz. ) is used to obtain the laser scan rate and quantify the wavelength. The detectors are MCT type (Vigo PVM-2TE10.6). The absorption profile is fitted using a Voigt profile and a least squares non-linear fitting algorithm, using HITRAN [28] line parameters and varying the concentration and pressure broadening parameters to obtain an optimized quantification. In addition to the laser absorption measurements, species quantification is also performed downstream of the plasma using gas chromatography (GC-TCD, Inficon 3000).
For kinetic modeling, we used a combination of ZDPlaskin [29] and SENKIN [30] , which allows calculations of the electron collision reaction rates with the electron energy distribution function computed using BOLSIG? [31] and chemical reactions using the adaptive time-stepping of CHEMKIN [26] . Energy transfer between molecules in ground states, electronically excited states and ions are also incorporated [32] . In addition, a heat loss term to account for conduction losses to the wall is added to the energy equation [33] . The low temperature kinetic model used here is a combination of the newly developed high pressure kinetic mechanism (HP-Mech) [34] and plasma reactions collected primarily from [35] [36] [37] [38] . HP-Mech includes pressure dependence of reaction rates for all unimolecular reactions and can be applied from low pressure to high pressure conditions. Excited and ionized species such as O 2 c 1 R
, and CH þ 3 are included. Vibrationally excited species, negative ions and complex positive ions are neglected. The LXCat online database [39, 40] is used for electron-collision cross-sections. An update of the cross-sections for CH 4 is made by using the method described by Janev and Reiter [41] . A full reaction list can be found in [26] .
The measured species concentrations by the GC-TCD sampling downstream of the plasma reactor are shown in Fig. 13 . The predicted major species, including methane, oxygen, water, and carbon monoxide are all in good agreement with experimental data. This agreement indicates that the overall reaction rates for fuel consumption and oxidation are correct. However, for the intermediate species, the predicted concentrations of carbon dioxide and hydrogen are about a factor of two lower than the experimental data. Moreover, the concentration of formaldehyde is under-predicted by a factor of 4 and the methanol concentration is over-predicted by an order of magnitude, indicating that there is a large uncertainty in the low temperature plasma chemistry.
The time dependent measurement of formaldehyde is shown in Fig. 14 . It is seen that the concentration is again under-predicted by a factor of four. To understand the reaction pathway of low temperature methane oxidation, Fig. 15 shows that reaction path flux . Particularly, the direct O( 1 D) reaction with fuel is shown to be the major pathway to produce the initial OH and CH 3 radicals, which lead to the subsequent formation of formaldehyde and methanol. Note that the number density of excited He* is low due to its high excitation energy and has negligible impact on the kinetics at the experimental condition. Therefore, the large uncertainty in the prediction of formaldehyde and methanol may be attributed to the uncertainty of the rate constants and pathways of the O( 1 D) reaction with fuel.
Low Temperature Oxidation of C 2 H 4 in a Flow Reactor with Nanosecond Repetitively Pulsed Discharge C 2 H 4 is one of the major species of fuel pyrolysis and low temperature oxidation. Experiments and modeling of pyrolysis and low temperature oxidation of C 2 H 4 /Ar and C 2 H 4 /O 2 /Ar mixtures in the DBD reactor are also carried out at a pressure of 60 Torr. Figure 16 shows the comparisons between model predictions and experimental results of the time-resolved concentrations of C 2 H 2 , CH 4 , and H 2 O formation. It is clear that HPMech [27, 34] , which is developed particularly for low temperature and high pressure fuel oxidation based on direct experimental measurements and/or ab initio quantum chemistry calculations of the elementary reaction rate constants without global mechanism optimization, reproduces well the measured species time history with only slight under-prediction of C 2 H 2 . However, USC-Mech II [42] over-predicts H 2 O formation by one order (Fig. 16b) . The large discrepancy between the experiments and the USC-Mech II model predictions indicates that inclusion of low temperature fuel oxidation pathways in plasma assisted combustion is critical in reproducing the experimental data.
The path flux analysis of ethylene oxidation integrated over the first 10 ms after the initial plasma pulse is shown in Fig. 17 . It is seen that there are three different major fuel consumption pathways. The first pathway is direct collisional dissociation by excited and ionized Ar (blue arrows) to form hydrocarbon fragments. The second pathway is fuel oxidation by plasma generated radicals such as O and O( 1 D) (The red and green lines in Fig. 17 ). The last pathway is plasma activated low temperature oxidation involving O 2 addition to the fuel radicals, leading to C 2 H 5 O 2 (ethyl peroxy radical), C 2 H 5 O 2 H (ethyl Diluent has a great impact on plasma chemistry. The above plasma combustion kinetic mechanism was examined with Ar dilution. The kinetics for plasma assisted low temperature combustion with He dilution was investigated in [13] and [18] , respectively, for methane and dimethyl ether. For reaction systems involving air without Ar and He dilutions, the mean electron energy will be higher and the electron number density is lower. Therefore, the reaction pathway involving electron impact dissociation and ionization may change. Moreover, radical production pathways via direct collisional dissociation by electronically and vibrationally excited nitrogen and oxygen molecules may become important [1-3, 12, 17, 33, 43] . In addition, for burst discharge, the electron energy distribution and the reaction rates during and between each pulse are different. Quantitative modeling of nano-second repetitive plasma assisted combustion needs to include pulse to pulse plasma activation process. The photolysis reactor is used in kinetic studies of O 3 /O 2 /CH 3 OH/Ar mixtures [45] . Ozone is generated by a plasma dielectric barrier discharge from oxygen (Ozone Solutions, and is mixed with other species downstream. O( 1 D) is produced by the 266 nm laser photolysis of ozone in the flow reactor to initiate the reaction. Based on the photonionization cross-section (9 9 10 -18 cm 2 /mol), the laser photon flux (1. [46, 47] . However, there are large uncertainties on the product channel identification and quantification [46] [47] [48] . In original HPMech, only R27 and R28 are included since they are discussed both experimentally and theoretically [46, 48] and the branching ratio is set to be 0.55-0.45 as k o shown below [45] .
A theoretical prediction of the potential energy surface (PES) of O( 1 D) ? CH 3 OH is investigated at M062X/cc-pvtz level [45] . As shown in Fig. 20 experimental measurements [46, 47] and also the current H 2 O profile at early time shown in Fig. 19 with a set of k new for R27, R28, and R29. However, in future research the accuracy of the PES needs to be improved, and the reaction rate constant needs to be accurately determined from the cross-validation of experimental results and high order quantum computation.
Note that practical combustion systems mostly operate at high pressure. Although at high pressure, the plasma properties and the reaction pathways of plasma assisted combustion may change significantly from that of low pressure, except few unimolecular reactions, most elementary rate constants validated in low pressure environments remain the same. Therefore, low pressure experiments can provide quantitative validation of elementary rate constants for some key reactions. However, it should be noted that due to the change of reaction pathways the mechanism needs to be validated against high pressure experiments before using it for modeling. As such, high pressure plasma assisted combustion experiments with well-defined boundary conditions are very critical for validated mechanism development for engine applications.
Conclusion
Non-equilibrium plasma has a significant kinetic enhancement effect on ignition and flame stabilization. The radical production process by electrons, ions, and electronically and vibrationally excited molecules in non-equilibrium plasma is faster than that of the key chain-branching processes of combustion particularly at low and intermediate temperature; thus, it can dramatically shorten the ignition delay time. The experimental results show that plasma can enhance low temperature combustion so greatly that it can lead to a direct ignition to flame transition without an extinction limit. Moreover, it is also demonstrated that radical production by plasma can enable self-sustained cool flame formation even at atmospheric pressure at a few millisecond timescale. Comparison between model predictions and in situ laser diagnostics show that plasma plays a critical role in producing active species, thus activating the fuel oxidation pathways even at low temperature, which cannot be accessed in conventional combustion mode. Although the updated HP-Mech/-plasma mechanism can reproduce the major species and products of plasma assisted combustion at low temperature, there remain major limitations in predicting intermediate [45] . Energy unit: Kcal/mol species via the low temperature plasma assisted pathways. Kinetic analysis shows that fuel oxidation by O( 1 D) plays an important role in producing the initial radicals at low temperature. However, there are large uncertainties in the rates of the O( 1 D) reaction with fuel. Particularly, the branching ratio between the chain-branching and chain-terminating reaction channels is not well known. The results suggest that there are missing reaction pathways in low temperature plasma assisted combustion which need to be addressed in future studies.
